Abstract. Although there have been notable improvements in treatments against cancer, further research is required. In colon cancer, nearly all patients eventually experience drug resistance and stop responding to the approved drugs, making treatment difficult. Steroid receptor coactivator (SRC) is an oncogenic nuclear receptor coactivator that serves an important role in drug resistance. The present study generated a doxorubicin-resistant colon cancer cell line, in which the upregulation/activation of SRC was responsible for drug resistance, which in turn activated AKT. Overexpression of receptor tyrosine kinase-like epidermal growth factor receptor and insulin-like growth factor 1 receptor also induced SRC expression. It was observed that doxorubicin resistance in colon cancer also induced epithelial to mesenchymal transition, a decrease in expression of epithelial marker E-cadherin and an increase in the expression of mesenchymal markers, including N-cadherin and vimentin. Additionally, the present study indicated that SRC acts as a common signaling node, and inhibiting SRC in combination with doxorubicin treatment in doxorubicin-resistant cells aids in reversing the resistance. Thus, the present study suggests that activation of SRC is responsible for doxorubicin resistance in colon cancer. However, further research is required to understand the complete mechanism of how drug resistance occurs and how it may be tackled to treat patients.
Introduction
Colon cancer, a frequently diagnosed cancer type worldwide, is a disease in which malignant tumors form in the tissues of the colon and it is one of the leading causes of cancer-related mortality worldwide (1) . Currently, the two main options for treatment of colon cancer are chemotherapy and surgery, and the treatment option is dependent upon the tumor location, size and stage of cancer, and overall characteristics of the patient affected (2, 3) . Chemotherapy may be given at any stage and is generally administered following surgery; however, in some cases it is also given prior to surgery in order to reduce the tumor size (4) . The overall survival of patients with colon cancer has increased over the past decade due to improvements in medical sciences and chemotherapeutic regimens (5, 6) . Despite this, almost all patients with colon cancer develop drug resistance, which decreases the efficacy of the drugs and ultimately leads to failure of chemotherapy (7, 8) .
Decreases in the effect of drugs, including antibiotics or chemotherapeutic agents, such as doxorubicin, is termed drug resistance (9, 10) . Treating drug resistance, particularly multidrug resistance, is one of the major obstacles to successful chemotherapy (11) . Furthermore, the majority of cancer-related mortalities occur due to failure of chemotherapy that occurs due to the generation of drug resistance during the process of chemotherapy and cancer progression (12) . Evidence suggests that cancer cell resistance to chemotherapy is due to a transition from an epithelial to mesenchymal phenotype (13) . Other research has demonstrated an association of epithelial to mesenchymal transition (EMT) with acquired resistance to cancer therapy, as well as cancer metastasis (14) . As an outcome of these findings, if the epithelial phenotype is restored, it increases the sensitivity of tumor cells to chemotherapy (15) . EMT of tumor cells not only causes increased metastasis, but also contributes to drug resistance (16) . Intricate links between cells with an EMT-like phenotype and drug resistance in tumors have also been proposed (17) . A diverse array of cytokines and growth factors may contribute to the regulation of the process of drug resistance development (16, 18) . The development of drug resistance may also be regulated by a higher apoptotic threshold, aerobic glycolysis, regions of hypoxia and elevated activity of drug efflux transporters (19) . Furthermore, a previous report has indicated that drug resistance emergence may occur as a consequence of EMT (16) . Evidence for an eminent role of steroid receptor coactivator (SRC) in invasion and in other tumor progression-related events, such as EMT, also exists (19) . There are several receptors, as well as non-receptor tyrosine kinases (RTKs), which are modulated by SRC and are responsible for persistence and robustness of RTK signaling (20) . It is important to study the mechanism underlying drug resistance in cancer and the ways by which drug resistance may be reversed.
Over the past few years, multiple mechanisms responsible for drug resistance have been proposed by different groups, which may be broadly divided into two types: Cellular and non-cellular resistance mechanisms (21, 22) . Cellular mechanisms include enzymes, targets of drugs and inside transport systems of cancer cells, whereas non-cellular mechanisms include extracellular factors, such as the microenvironment of the tumor and vascular accessibility (23) (24) (25) . The present study focused on the generation of a drug-resistant cell line and the ways by which the chemoresistance may be reversed (26) . The present study was able to successfully demonstrate that, instead of targeting multiple signaling pathways that are activated in drug resistance, it is possible to target a common signaling node that aids in the reversal of drug resistance.
Materials and methods
Drugs, reagents and chemicals. Doxorubicin, saracatinib and triciribine were purchased from Selleck Chemicals (Shanghai, China). RPMI-1640, radioimmunoprecipitation assay (RIPA) buffer, Hanks buffer, MTT and Bradford reagent were obtained from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Probes, SuperScript™ One-Cycle cDNA kit cDNA kits for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and the following primers were obtained from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA): E-cadherinP-F, 5'-GGG GTA CCT GTC TCT CTA CAA AAA GGC A-3' and E-cadherinP-R, 5'-GGA AGA TCT GGG CTG GAG CGG GCT GGA GT-3'; epithelial cell adhesion molecule (EpCAM)P-F, 5'-CGC AGC TCA GGA AGA AT G TG-3' and EpCAMP-R, 5'-TGA AGT ACA CTG GCA TTG ACG-3'; vimentinP-F, 5'-GGC TCA GAT TCA GGG GAA C AG C-3' and vimentinP-R, 5'-CAG GTT GTG CAG GTT GTT CTA-3'; N-cadherinP-F, 5'-CAC TGC TCA GGA CCC AGA T-3' and N-cadherinP-R, 5'-TAA GCC GAG TGA TGG TCC-3'; GAPDHP-F, 5'-GGT GTG AAC GGA TTT GGC CGT ATT G-3' and GAPDHP-R, 5'-CCGTTGAATTTGCCGTGAGTGG AGT-3'. Fetal bovine serum (FBS), Opti-MEM (cat. no. 11058021) and Anti-Anti were procured from Gibco (Thermo Fisher Scientific, Inc. Cell line and culture conditions. The LS180 cell line was purchased from American Type Culture Collection (Manassas, VA, USA), cultured in RPMI-1640 supplemented with 10% FBS and 1% antibiotic Anti-Anti and grown in an incubator at 37˚C with 5% CO 2 and 95% humidity. For generation of doxorubicin resistance, LS180 cells were continuously treated with the drug (from 10 nM up to 30 µM) for a period of 6 months in an incubator at 37˚C containing 5% CO 2 and 95% humidity. Prior to two days of subsequent experiments, resistant cells were grown in media without the addition of any drug. For overexpression/knockdown, transient transfection was performed. Cells were grown in six-well plates at a density of 1x10 6 cells in transfection media (Opti-MEM). The transfection mixture contains 35 µl of FuGENE 6 and siRNA (1:300) or shRNA (1:200) was prepared and incubated for 30 min prior to addition to the cells. After 24 h of transfection, cells were washed with PBS and lysates were prepared for western blot analysis.
Cell viability assay. The parental and doxorubicin-resistant LS180 cell lines were seeded at a density 1.5x10 4 cells/well and allowed to grow for 24 h to attain morphology and stationary state. After 24 h, both parental and doxorubicin-resistant cells were treated with doxorubicin at a concentration of 2, 5, 10, 20, 40, 80 and 100 µM in an incubator containing 5% CO 2 at at 37˚C and 95% humidity for 12 and 24 h. MTT was added at a concentration of 2.5 mg/ml to each well before 4 h of termination. Finally, the formazan crystals were dissolved in dimethyl sulfoxide and absorbance was measured at 570 nm using a synergy MX plate reader (BioTek Instruments, Inc., Winooski, VT, USA).
Western blotting. Parental and resistant LS180 cells were seeded in 60-mm dishes at a density of 1.5x10 6 cells for 24 h. After 24 h, the cells were treated with different inhibitors (1 µM doxorubicin, 1 µM saracatinib and 1 µM triciribine). These cells were lysed in RIPA buffer and protein estimation was performed using the Bradford method. Proteins (70 µg) were separated on 10% SDS-PAGE and transferred onto a nitrocellulose membrane at 100 V for 2 h. Membranes were blocked in 5% fat-free skimmed milk for 1 h at room temperature to avoid non-specific binding. After 1 h, primary antibodies were added and incubated overnight at 4˚C. Protein blots were washed with Tris-buffered saline-Tween-20 twice for 5 min each. Subsequently, horseradish peroxidase-conjugated secondary antibody was added at room temperature for 1 h, followed by washing thrice with blocking buffer for 5 min each. Finally, using an enhanced chemiluminescence kit (GE Healthcare, Chicago, IL, USA), the bands of proteins were analyzed on an X-ray film. Quantification of all western blots were was performed by normalized by β-actin and using Image J software (v.1.48, National Institutes of Health, Bethesda, MD, USA).
Colony formation assay. Doxorubicin-resistant LS180 cells were seeded in a six-well plate and allowed to grow for 24 h. After 24 h, these cells were treated with 1 µM doxorubicin and 1 µM saracatinib alone and in combination in an incubator at 37˚C with 5% CO 2 and 95% humidity for 48 h. Following this, cells were trypsinized and replated in a six-well plate at a density of 500 cells/well and allowed to grow for 21 days. On experiment termination, cells were first washed thrice with PBS and then fixed in 4% paraformaldehyde for 10-15 min at room temperature. Crystal violet (0.06%) at room temperature was used to stain live cells at 25˚C for 10 min and images were captured using a light microscope at a magnification of x30 (Olympus Corporation, Tokyo, Japan).
Three-dimensional (3D) sphere formation assay. Using MammoCult medium (Stemcell Technologies, Inc., Vancouver, BC, USA), single Doxo LS180 cells were seeded in ultra-low attachment plates at a density of 1x10 5 cells/well and allowed to grow for 7 days. Following this, the cells were treated with doxorubicin (1 µM) and saracatinib (1 µM) alone and in combination for 48 h. Subsequent to treatment, the primary spheres were dissociated by pipetting and single cells were replated in ultra-low attachment 6-well plates at a density of 5x10 4 cells/well. Secondary spheres were counted using a light microscope at a magnification of x30 after 21 days of incubation.
mRNA quantification. Parental and doxorubicin-resistant cells were cultured and total RNA was isolated using TRIzol reagent (cat. no. T9424 obtained from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). RNA was purified using an RNeasy mini kit (Qiagen China Co., Ltd., Shanghai, China). Purified RNA was first used to generate cDNA using an M-MLV RT kit (Promega Corporation, Madison, WI, USA) according to the instructions of manufacturer and then qPCR analysis was conducted using a TaqMan universal PCR master mix (Roche Applied Science, Penzberg, Germany). Reverse transcription was performed according to the following thermocycling conditions: Denaturation at 94˚C for 30 sec and annealing and elongation at 72˚C for 1 min, followed use of the aforementioned primers on an ABI PRISM sequencing detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.) The relative fold change of differential inducible expression of the genes vs. control group was quantified by using 2 -∆∆Cq method (27) .
Statistical analysis. GraphPad Instat3 software (GraphPad software Inc., La Jolla, CA, USA) was used for statistical analysis. All experiments were performed three times and values of each experiment were demonstrated as the mean ± standard deviation. For comparison of each experiment, one-way analysis of variance was performed followed by Bonferroni's test. P<0.05 was considered to indicate a statistically significant difference.
Results
Development of a chemoresistant cell line. Colon cancer cell line LS180 was selected to generate resistance towards doxorubicin. Following attainment of 80% confluency, cells were treated with doxorubicin beginning with a low dose of 50 nM and treatment was retained continuously until the growth of cells began to decrease and they demonstrated morphological changes. The resistance of these cells was obtained in 6 months and was confirmed by an MTT assay. The IC 50 of doxorubicin-resistant cells was 80 µM whereas the parental cancer cell line was 18 µM at 12 h (Fig. 1A) . Notably, IC 50 of doxorubicin in parental cell line was 5 µM, whereas in resistant cells the IC 50 was increased up to 40 µM at 24 h (Fig. 1B) .
Doxorubicin resistance induces an EMT-like phenotype.
For generation of a stable doxorubicin-resistant cell line, LS180 cells were continuously treated with doxorubicin for 6 months. After 6 months, there was a marked difference in the morphology of parental and resistant cells. Resistant cells were mesenchymal in shape (analyzed by microscopy; data not shown). RT-qPCR analysis of EMT-related genes, including N-cadherin, vimentin, EpCAM and E-cadherin, was performed to further analyze the difference between parental and resistant cells. The results revealed that there was a significant decrease in the expression of E-cadherin and EpCAM, two epithelial markers, in resistant cells compared with the level in parental cells ( Fig. 2A and B) . Furthermore, there was a significant increase in the expression level of mesenchymal markers, vimentin and N-cadherin, in the doxorubicin-resistant cells compared with the levels observed in the parental cells ( Fig. 2C and D) . Western blotting demonstrated that E-cadherin and EpCAM were expressed at a higher level in parental cells than in resistant cells. However, the expression of mesenchymal markers, N-cadherin and vimentin, were significantly increased in cells resistant to doxorubicin, and the epithelial markers, E-cadherin and EpCAM, demonstrated reduced expression levels compared with the levels in parental cells (Fig. 2E ). Together these results indicate that doxorubicin leads to resistance in colon cancer and induces an EMT-like phenotype.
SRC is activated in doxorubicin-resistant cells.
Cancer cells are known to be evolved that undergo reprogramming and become drug-resistant (28) . In resistant LS180 cells, SRC was observed to be activated (indicated by phosphorylation at position 416) compared with the parental cell line (Fig. 3A) . However, there was no notable change in the protein expression levels of PTEN and AKT, which further confirmed that resistance was due to doxorubicin and not due to the presence of any pre-existing phosphoinositide 3-kinase mutation (Fig. 3A) .
Subsequently, the roles of other RTKs, including EGFR and IGF-1R, were examined in SRC activation. Overexpression of EGFR and IGF-1R resulted in increased phosphorylation at position 416, indicating SRC activation (Fig. 3B and C) . Furthermore, knockdown of EGFR and IGF-1R in doxorubicin-resistant cells resulted in SRC inactivation (decreased phosphorylation of SRC at position 416; Fig. 3D and E) .
Activation of RTKs by SRC induces doxorubicin resistance.
To understand the mechanism of doxorubicin-induced SRC activation in resistant cells, SRC activity was inhibited by using a small molecule SRC inhibitor, saracatinib, as well as SRC siRNA. It was observed that AKT phosphorylation was significantly inhibited by doxorubicin in the parental cell line, whereas doxorubicin-resistant cells were resistant towards doxorubicin-mediated inhibition of AKT (Fig. 4A) . However, when resistant cells were treated with SRC inhibitor saracatinib and SRC shRNA in combination with doxorubicin, there was a significant decrease in the phosphorylation of AKT compared with non-treated cells (Fig. 4B) . In EGFR and IGF-1R overexpressing cells, SRC inhibition led to significant inhibition of AKT compared with non-treated cells (Fig. 4C ). These results suggest that different RTKs, along with their downstream targets that are activated due to drug resistance, may be effectively blocked by inhibiting SRC.
Inhibiting SRC in vitro reverses doxorubicin resistance.
The present study demonstrated that SRC was driving doxorubicin resistance and served as a common node of various signaling pathways. Therefore, it was hypothesized that targeting SRC may be effective in reverting doxorubicin resistance. In order to test this hypothesis, the orally available SRC inhibitor, saracatinib, was utilized. As demonstrated in Fig. 5 , it was observed that saracatinib not only sensitized the doxorubicin-resistant cells to doxorubicin, but also induced inhibition of cell growth in EGFR-and IGF-1R-overexpressing cells compared with doxorubicin (Fig. 5A) . Additionally, 3D tumor spheroid formation (Fig. 5D ) and colony forming potential (Fig. 5C ) of doxorubicin-resistant cells was inhibited when the cells were treated with doxorubicin in combination with saracatinib. Subsequently, the present study investigated whether inhibition of AKT with its inhibitor, triciribine, induced the same effect in combination with doxorubicin in doxorubicin-resistant cells as that observed following SRC inhibition. However, it was observed that AKT inhibition in combination with doxorubicin was not as effective as SRC inhibition (Fig. 5B) . Therefore, saracitinib demonstrated a greater effect at re-sensitizing the cells towards doxorubicin than the AKT inhibitor, triciribine.
Discussion
In colon cancer, which is one of the leading causes of cancer-related mortality worldwide, drug resistance remains one of the major challenges to be tackled (29) . However, there are currently some effective strategic approaches including the combination of ATP-binding cassette transporter and EGFR inhibitors with conventional drugs, against cancer that have been effective against drug resistance in colon cancer (30) . There are various targeted therapies used for treatment of colon cancer, such as bevacizumab, which is a Food and Drug Agency-approved first-line treatment, as well as a second-line therapy for colon cancer approved in 2017 (31) . Regorafenib was approved in 2012 for metastatic colon cancer, and ramucirumab along with ziv-aflibercept is the second-line treatment in metastatic colorectal cancer (32) . Doxorubicin, a potent anticancer drug that is widely used to fight various cancer types, including colon cancer, is cost effective compared with other anticancer drugs (33) . The present study generated a drug-resistant cell line against doxorubicin by treating the cell line with the drug for ~6 months. Drug resistance induced EMT in the colon cancer cell line, LS180, as indicated by a decrease in the expression of epithelial marker, E-cadherin, in resistant cells as compared with the levels observed in parental cells. There was a visible increase in the expression of mesenchymal markers, including vimentin and N-cadherin, in the drug-resistant cells compared with the expression in parental cells at the mRNA and protein levels, as determined by RT-qPCR and western blotting, respectively. SRC, which acts as a signaling node between cell surface receptors and cytoplasmic pathways, is also activated in drug-resistant cells (34) . In fact, SRC activation appears to be the predominant factor responsible for drug resistance, as it results in the activation of the downstream AKT pathway (35) . SRC is also activated due to overexpression of RTKs, including EGFR and IGF-1R (36, 37) . In the present study, it was demonstrated that SRC inhibition not only resulted in reversal of drug resistance, but also led to inactivation of AKT in resistant cells. SRC was also inhibited upon inhibition of EGFR and IGF-1R. The present results led to the conclusion that different RTKs, along with their downstream targets that are activated due to drug resistance, may be effectively blocked by SRC inhibition. Furthermore, in vitro inhibition of SRC in combination with doxorubicin also leads to inhibition of AKT in EGFR-and IGF-1R-overexpressing cells. The present study revealed that 3D tumor spheroid formation and colony forming potential of doxorubicin-resistant cells was inhibited when cells were treated with doxorubicin in combination with SRC inhibitor, saracatinib. The present study also indicated that inhibition of AKT in combination with doxorubicin was not as effective as treatment with SRC inhibitor, saracatinib. Notably, previous studies have suggested that paclitaxel and cisplatin inhibit SRC tyrosine kinase, which enhances toxicity to human ovarian cancer cells as well as mouse ovarian cancer cells (38, 39) .
In conclusion, the present study demonstrated that SRC is activated in doxorubicin resistance, as well as overexpression of RTKs, including EGFR and IGF-1R, which lead to further activation of downstream pathways, such as the AKT signaling pathway. Apoptosis assays in doxorubicin-resistant LS180 and parental LS180 cell lines are intended to be performed in future studies. The combinatorial treatment of doxorubicin along with inhibition of SRC not only helps in the inactivation of the AKT pathway, but also in the reversal of resistance.
